Abstract. 2014 The results of an investigation of the phases of a monolayer of the phospholipid dipalmitoylphosphatidylcholine, deposited by Langmuir-Blodgett techniques onto hydrocarbon-derivatized silicon substrates, are described Measurements of the long-range translational diffusion of fluorescent lipid analogs in such monolayers reveal the presence of a phase transition not previously seen in phospholipids. It is marked by a large increase of lipid mobility at a temperature characteristic of the employed combination of lipid and substrate-attached hydrocarbon residue. A second transition into a high temperature phase, characterized by a rapid, homogeneous diffusivity, is observed at a temperature slightly above the temperature of the so-called chain melting transition in hydrated multi-bilayers of the lipid. In the novel intermediate state between the two transitions, long-range translational diffusion in the uniformly fluorescent monolayers is best described in a manner analogous to transport in composite materials. Lipid analogs containing a fluorophore in the polar headgroup portion of the molecule sample coexisting populations of host lipid whose diffusivities differ by as much as an order of magnitude in this temperature range. A chain labelled lipid analog is found to exhibit completely different behaviour, remaining largely immobile on the scale of the experimental observation times at temperatures below 43 °C. In samples cycled through the high temperature phase, this label exhibits increased mobilities at lower temperatures for several hours before returning to its original state. The measured diffusivities are compared with corresponding values obtained for monolayers spread at the air-water interface for which the average density is fixed, and also with available data for hydrated multibilayers. In natural bilayer membranes the two monolayer leaflets are generally not identical. They thus exhibit the same type of asymmetry as the one inherent in the system described here.
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Introductioa
Phospholipids are amphiphiles and exhibit a variety of lyotropic liquid crystalline phases [1] , in which a bilayer forms the fundamental unit of a smectic-like layer structure. These molecules have received a great deal of attention because they form the major structural component of cellular membranes. In the course of the past ten to fifteen years there has been much effort to characterize the physical and chemical nature of phospholipid membranes, in most cases in the form of either bulk suspensions of vesicles or thick planar multibilayers [2] .
Phospholipid monolayers, deposited on substrates carrying a chemisorbed monolayer of long-chain hydrocarbon residues, have recently been introduced in an effort to gain insight into molecular events that play a role in the cellular immune response in vertebrates. Such monolayers and related thin supported planar layers have already been demonstrated to hold unique promise for the characterization of the molecular mechanisms underlying certain recognition and triggering events which initiate the response [3, 4] . Experiments carried out to date have shown that an understanding of the physical properties of the target membrane is imperative to explore the molecular basis for the events leading to an immune response. For example, the conditions ensuring the lateral mobility of monoclonal antibodies which are specifically bound to haptenated lipids incorporated in deposited monolayers, have only recently been established and reveal the critical role of the interactions between the lipid monolayer and the substrate [5] .
Thin planar systems of liquid crystals provide an experimental testing ground for theoretical predictions concerning the effects of low dimensionality on atomic or molecular ordering and on phase transitions [6, 7] . Furthermore, they represent a class of models which permit the study of certain aspects of more complex systems such as polymers [8] . A growing number of applications is being considered for layered thin films of amphiphilic molecules [9] deposited on solid substrates in the way pioneered by K. Blodgett [lo] .
In the broader context of exploring the physical nature of phospholipid layers at different interfaces we have used a variety of techniques to address such problems as the interaction of an interfacial layer with the adjacent bulk phases [11] or with adjacent layers in thin multibilayers [12, 13] as well as the intralayer ordering in substrate-deposited monolayers [14] .
Here we present the results of a study of long-range molecular diffusion in such monolayers. Aside from magnetic resonance [15] , the most wide-spread techniques for the measurement of translational and also of rotational diffusion of phospholipids in various model membranes as well as on cell surfaces [16] are those based on photochemical reactions, such as excimer formation [17] [26] .
The objective of the present study was the characterization of phospholipid monolayers deposited on alkylated silicon wafers, using measurements of diffusive mass transport. The The wafers were cleaned according to a procedure adapted from a « pre-diffusion clean » used in semiconductor processing. Briefly, this includes sonication in hot chloroform and subsequent exposure of the wafers to 5 :1 :1 solutions ofH20:NH40H:H202 and of H20: HCI: H202; this is followed by a short etch in 1 :50 diluted hydrofluoric acid Between cleaning steps, the wafers are rinsed extensively (10-20 min) in deionized water. After drying at approximately 150 OC for 90 min, the wafers were subjected to an alkylation reaction similar to that described by Sagiv and collaborators [28] . The [30] . Pressure-area isotherms of the label-containing phospholipid monolayers were recorded routinely and matched those reported for DPPC [31] and DMPE [32] .
Layer deposition was accomplished under feedback control of the surface pressure on a downward pass of an alkylated substrate through the layer (Fig. 1 [22] . The principle of the technique is closely related to that of forced Rayleigh scattering which has been employed to extract transport coefficients from planar systems of liquid crystals [34] . It relies on a periodic stripe pattern, generated by imaging a Ronchi-ruling onto the sample [22] . The [35] .
The time constant, r, of the fluorescence recovery is related to the desired diffusion constant D by the expression D = a'IT, where a = 2 x/P, and P is the period of the Ronchi-ruling, measured in the plane of the sample [22] . Introducing the symbols I_, Io, and I(t) for the fluorescence intensities (with Ronchiruling in place) prior to, immediately following, and at time t after the delivery of the bleach pulse, respectively (see Fig. 4 ), we may define a quantity which we refer to in what follows as the mobile fraction (see also : [ 18] [5] and is related to by the simple expression $ = 0/0., where 0. (t -oo).
Results
The bulk of the data to be presented in this section was [39, 40, 41] . metry for phosphatidylcholines [42] and phosphatidylethanolamines [43] Fig. 5.4 ). This is accompanied by an increase of 0. Inset : « 0 ». In a stored sample, distinct from the previous one, the temperature region between 42 °C and 45 °C was investigated in detail. A melting transition, exhibited by both D (Fig. 5.4) [12, 37] . While [11, 46] . For the phospholipids, this is clearly demonstrated by the metastability of an unstained solid phase, exhibited by certain monolayers at the air-water interface. In the course of substrate deposition, the original phase must undergo a structural modification which is sufficient to permit probe partitioning.
The comparison of final states resulting after deposition of identical monolayers from the air-water interface onto DTS-and OTS-substrates (the latter after probe redistribution), lends strong support to the notion that the state of local equilibrium which an interfacial layer seeks to attain after transfer depends critically on the nature of the layer formed by the substrate-attached chains [11, 12] . A transfer ratio of unity [47] during Langmuir-Blodgett style layer deposition may be interpreted as an indication of the presence of a density constraint [11] [49] .
The temperature To for DPPC-OTS coincides with that reported for the appearance at the « ripple » (P,, [50] or PIl [51] ) phase of multibilayers of DPPC [50, 52] . However, behaviour analogous to that of DPPC/OTS, but marked by a T. of 31 OC, is observed for DMPE/OTS (Fig. 5.5 ). Neither differential scanning calorimetry [43] nor saturation transfer electron spin resonance [53] [8, 55, 56] , Raman scattering [55] or surface X-ray scattering techniques [13, 14, 57] (Fig. 5.3) to such boundary regions which therefore represent a barrier to the rapid diffusion of both types of fluorescent lipid probes.
We note that the existence of an anisotropic fluid, separating a tilted « crystalline » and an isotropic fluid phase has been postulated for DPPC monolayers at the air-water interface on the basis of film balance studies [311] .
Local chain ordering in lipid multibilayers has been investigated extensively and it has been pointed out that the concepts of« chain disorder » and membrane « fluidity » are not identical in content [65, 66] . Seelig and collaborators have compared chain order parameter profiles for fatty acids and DPPC [67] and have also extracted values for the corresponding translational diffusion coefficients, in both cases at the respective bulk melting transitions. They find that translational diffusion is more rapid by two orders of magnitude in the fatty acid bilayers which retain a higher degree of chain order [66, 67] .
In keeping with these findings, we suggest that the diffusivity reflects local chain order in such a way that diffusion in the interior of domains can be rapid [45] . In stored samples, rapid diffusion is observed only at TD (see Fig 5.4 [11] .
Based on a comparison of diffusivities for substratedeposited monolayers and those measured in monolayers at the air-water interface in comparable phases (Fig. 5.6 , see also [33] 
